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Abstract 
In contrast to man-made materials, nature can produce materials with remarkable mechanical properties from 
relatively weak constituents. Nacre from seashells is a compelling example: despite being comprised mostly of a 
fragile ceramic (polygonal calcium carbonate tablets), it exhibits surprisingly high levels of strength and toughness. 
This performance is the result of an elegant hierarchical microstructure containing a small volume fraction of 
biopolymers at interfaces. The product is a composite material that is stiff and hard yet surprisingly tough, an 
essential requirement to protect the seashell from predators. Building a comprehensive understanding of the multi-
scale mechanisms that enable this performance represents a critical step toward realizing strong and tough bio-
inspired materials. This paper details a nanoscale experimental investigation into the toughening mechanisms in 
natural nacre and presents a way to translate this understanding to the design of new bioinspired composites. In situ 
three point bending fracture tests are performed to identify and quantify the toughening mechanisms involved during 
the fracture of natural nacre at the nanoscale. At the macro and micro scales, previous fracture tests [1, 2] performed 
in situ enabled observation of spreading of damage outward from the crack tip. In this study, fracture tests are 
performed in situ an atomic force microscope to link the larger-scale damage spreading to sliding within the tablet-
based microstructure. To quantify the magnitude of sliding and its distribution, images from the in situ AFM fracture 
tests are analyzed using standard and new algorithms based on digital image correlation techniques which allow for 
discontinuous displacement fields. Ultimately, this comprehensive methodology provides a framework for broad 
experimental investigations into the failure mechanisms of bio- and bio-inspired materials. 
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1. Introduction 
Many materials found in nature are comprised of relatively weak materials, yet they still exhibit 
superior mechanical performance. This performance originates within elegant hierarchical structures (e.g., 
bone, nacre, wood, spider silk [3, 4, 5, 6, 7]. Nacre from Abalone shells (see Figure 1), also known as 
Mother-of-Pearl, exhibits remarkable strength and toughness despite its composition of greater than 95% 
aragonite, a brittle ceramic [8]. By incorporating just 5% soft biopolymer into a hierarchical structure 
with the brittle ceramic, nacre is ~1000 times tougher than pure aragonite [9, 2]. This significant increase 
in toughness stems from toughening mechanisms that act at multiple length scales within the hierarchical 
structure. At the macroscale, growth lines towards the inner part of the shell help deflect propagating 
cracks and serve as a last source of protection for the Abalone [10, 11]. However, nacre’s micro- and 
nano-scale architecture is a more significant contributor to this increase in toughness. At the microscale, 
aragonite ceramic tablets and thin biopolymer layers form a brick-and-mortar-like structure [12, 13] (see 
Figure 1.b). Under loading, these tablets slide relative to each other. Espinosa, et al. [3, 14] proposed that 
microscale waviness in the surface of these tablets generates transverse compressive stresses as they slide, 
resulting in a progressive hardening of the interface. This interfacial hardening is believed to be a primary 
mechanism for the spreading of damage over large areas (white region in Figure 1.c), resulting in the 
extraordinary toughness of nacre. At the nanoscale, several toughening mechanisms have also been 
identified that act at the sliding interface between tablets. These include nanoscale asperities on the 
surface of the tablets that increase friction or interlocking during relative sliding, mineral bridges between 
tablets, and unfolding of proteins in the biopolymer layer. 
Figure 1. Hierarchical structure of natural nacre and damage spreading at the macroscale. a) Red abalone shell. Inset shows a cross-
section cut from the shell (reproduced from [14]); b) Scanning electron micrograph showing micro/nanostructure of natural nacre 
(scale bar, 1 μm, reproduced from [14]). For clarity, a set of tablets is outlined in white. The tablets have two regions, core and 
overlap. The overlap region in which relative sliding occurs (arrows indicate direction) is highlighted in magenta. c) Typical crack 
propagation history for 3 point bending test showing damage spreading at the macroscale (reproduced from [1]). 
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In this manuscript, we detail a comprehensive experimental approach to investigate the tablet sliding-
based toughening mechanisms of natural nacre based on digital image correlation (DIC) analysis. This 
approach combines in situ fracture tests using atomic force microscopy (AFM) to characterize damage 
spreading at the nanoscale with standard DIC processing and new discontinuous DIC algorithms to 
quantify these results. Because of nacre’s brick-and-mortar structure, the displacement fields become 
discontinuous at the interfaces between tablets as they slide. This detrimentally affects the outcome of 
conventional DIC techniques [15, 1]. Here we demonstrate a standard and a discontinuous DIC method 
capable of capturing and quantifying the discontinuous sliding at the interface between ceramic tablets in 
nacre. Given this technique, we can precisely quantify and observe material behavior in areas that would 
conventionally fall outside the scope of traditional DIC. Thus the experimental methods and analyses 
presented herein are also more broadly applicable to discontinuous composites or biomaterials, as well as 
nacre-inspired materials. 
2. Tablet-level origin of toughening mechanisms in natural nacre 
2.1. Experimental procedure 
Notched samples were prepared for three point bending fracture tests according to the ASTM Standard 
E1820 [16] normalized Single-Edge Notched Beam (SENB) design. The steps involved in the sample 
preparation are performed under hydrated conditions and are detailed in [1]. The resulting SENB sample 
geometry is shown in Figure 1.c. The specimens are cut and notched such that the crack would propagate 
perpendicularly to the tablet layers, beginning from the calcite layer side and moving toward the animal. 
The test rig consists in a three-point bending fixture mounted on a miniature loading stage. The 
imposed displacement is measured by a linear variable differential transformer and accompanying 
acquisition electronics. The resulting force is measured by a 450N load cell. Both signals are recorded 
and synchronized through a Matlab script. Details about experimental components can be found in [1]. 
The test rig was integrated with a Veeco Instruments DI 3100 atomic force microscope (AFM) to 
observe, in-situ, the deformation mechanisms at the nanoscale. This enabled simultaneous loading and 
imaging of the samples. To minimize the effects of thermal drift, the miniature loading stage was 
mounted in the AFM at least 12 h before use to allow the temperatures of the systems to equilibrate. To 
further reduce thermal effects, the AFM and the miniature loading stage were turned on and allowed to 
run for several hours before conducting each test to ensure they reached a stable operating temperature 
(the temperature within the AFM chamber was observed to rise ~1 °C within the first 30 min of running 
the equipment and then stabilize). All samples were imaged in tapping mode at a resolution of 512 
samples (pixels) per line, and 512 lines per image. 
Each in situ test consisted of repeated incremental loading and AFM imaging. Before the first loading 
step, reference images of the region of interest were captured using the AFM in tapping mode. The 
sample was then incrementally loaded in steps while the region of interest was scanned between each 
loading step. This process was repeated until failure of the sample. This enabled capturing of tablet 
sliding throughout the loading and crack propagation process. During each AFM scan, two signals are 
acquired simultaneously then converted into images. One corresponds to the topography of the sample 
surface, while the other corresponds to the amplitude of the corresponding error signal (see Figure 2). 
While the topography signal has a more direct physical meaning and is thus used for the following 
quantitative analysis, the error signal allows more clear visualization of the individual tablets and the 
opening gaps between them in some cases. Figure 2 depicts a typical loading history of a fracture during a 
preliminary test and a representative subset of the corresponding AFM images. In Figure 2, four loading 
steps are separated by three phases of AFM scanning. During the loading phases, the material deforms 
and tablets slide relative to each other. An elastic energy is stored during this tablet sliding. During 
imaging, the loading was temporarily paused (displacement held constant with displacement-controlled 
loading). The stored elastic energy is partially released during this period as the tablets rearrange. This 
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phenomenon, which results in a partial relaxation in the measured load during imaging, could not be 
avoided since the loading must be paused temporarily to allow for stable in situ AFM imaging. 
 
Figures 2.b and c show a set of AFM images obtained during the first scan (conducted after the first 
loading, see Figure 2.a). A row of large openings at the ends of tablets, associated with the path of the 
primary crack, has just entered the field of view (Figure 2.b). This crack path is not continuous however, 
but instead composed of several short openings at tablet interfaces where no actual crack tip can be 
located. This confirms that crack propagation is achieved by tablet sliding in a process zone. It further 
indicates that non-linear fracture mechanics theory [2] is needed to quantify crack resistance in such a 
material. Due to the large size of the fracture process zone, the small-scale yielding approximation is not 
valid for nacre, and stress field analysis, concepts of stress intensity factors, or path independent integrals 
are in a sense ambiguous when no crack tip or crack lips can be localized. At the macroscale, this tablet 
arrangement leads to large deformations and hardenings of the whole nacre structure. Clearly, damage 
occurs primarily at the interfaces between tablets (tablets sliding relative to each other), although some 
imperfections are also observed. A mean interface opening of 90 nm is measured from Figure 2.c, along 
with a mean tablet length and width of 7.4 ȝm and 0.45 ȝm, respectively. A mean organic layer thickness 
of 25 nm is also measured. As reported in previous studies [17], the surfaces of the tablets are somewhat 
wavy rather than being perfectly flat as is apparent from the variations in tablet thickness along their 
length. Figures 2.d and e show the same region as in Figures 2.b and c, but after the second loading (see 
Figure 2.a). At this more advanced loading stage, the process zone has grown such that its most advanced 
edge is now beyond the field of view (i.e., significant tablet sliding is observed across the entire image). 
The mean interface opening is now 320 nm. This preliminary test provides rough quantitative 
measurements of tablet sliding. Next, more detailed in situ AFM fracture tests are combined with digital 
image correlation to provide a more robust quantitative analysis of tablet sliding during fracture. 
 
Figure 2. Results of preliminary in situ AFM fracture test (reproduced from [1]). (a) Load history recorded during the test. Load was 
applied in 4 stages, with AFM imaging conducted between each state. (b–e) AFM images (error signal amplitude) captured after the 
first (b,c) and second (d,e) loading steps. 
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2.2. Damage and fracture mechanisms identification through AFM and digital image correlation 
2.2.1. Identification through standard digital image correlation (DIC) techniques 
2.2.1.1. General framework for standard digital image correlation 
 
The framework of standard digital image correlation formulations used in this paper is based on 
formulations presented by Grégoire et al. [1, 15] and Watrisse et al. [19, 20]. These are now applied to 
natural nacre and AFM image acquisition techniques reported herein. The principle of DIC was advanced 
in the context of experimental mechanics by Sutton et al. [21, 22]. In DIC, two digital images 
corresponding to a reference and a deformed state are described by discrete functions representing the 
grey level of each pixel. The optimal displacement field determination consists of the minimization of a 
cross-correlation coefficient on a set of initial image pixels, called a subset. The displacement field is 
typically decomposed on an appropriate functional basis on a subset. Typically, a bilinear continuous 
displacement field decomposition and a cubic spline interpolation are used. Details can be found in [18, 1, 
19, 20]. Finally, the algorithm is carried out on each subset of the initial image in order to obtain the full 
field displacement. During the minimization of the cross-correlation coefficient, interpolation between 
pixels produces a resolution in the displacement field of 1/10 of a pixel. 
Standard DIC post-processing techniques are very efficient in obtaining the full-field displacement of a 
continuous body, even in large deformation modes. However, the method usually fails to resolve 
displacement fields in cases of material or geometric discontinuities as shown in [15]. Therefore, standard 
DIC techniques seem not well-suited to quantify tablet sliding at the interfaces in nacre due to the 
discontinuities across tablet interfaces, unless other approximations are introduced. In order to bring out 
the limits of classical DIC techniques and classical DIC post-processing, a typical displacement field in 
the sliding direction estimated through a standard DIC tool (Icasoft [23]) is presented in Figure 3. 
Figure 3. Y-displacement field estimated with standard Icasoft DIC tool [23] (reproduced from [1]). a) Location of three scanning 
position (P1, P2 and P3) in relation to the propagating crack. The location of the crack tip at three successive loads of 0N, 36N and 
45N is indicated by C1, C2 and C3 respectively. The coordinates of each position (x,y) are reported in units of micrometers relative to 
the origin located at the apex of the pre-notch. b) Reference image (unloaded, P2 position). c) Deformed image (load: 36 N, P2 
position).  d) Y-displacement field. 
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Since DIC techniques involve comparisons between sets of pixels of reference and deformed 
pictures, better results are obtained for small tablet interface openings. Indeed, when the tablet interface 
opens, black pixels are generated in the deformed picture and these pixels have no pairs in the reference 
picture. This new information is difficult to process in general, so the DIC technique is carried out here on 
images acquired in scanning position P2 (Figure 3) where the tablet interface openings remain quite 
small. Reference (Figure 3.b—unloaded) and deformed (Figure 3.c—loaded to 36 N) images were 
converted to grey level (512×512 pixels) and then processed. Figure 3.d shows the y-displacement field 
estimated with Icasoft [23]. Since the y-direction is close to the loading direction (and the direction of 
tablet sliding), the y-displacement field becomes strongly discontinuous when tablet sliding occurs and 
gaps between tablets open. Within a given tablet, the y-displacement is well estimated. However, there is 
significant noise and degradation at the tablet interfaces where the tablet sliding leads to strong 
displacement discontinuities. To address this, we present in section 2.2.2 an subset-based DIC method. 
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2.2.1.2. Calculation of tablet displacements through standard DIC technique 
 
Before introducing the subset-based method (see section 2.2.2), it is interesting to note that some of 
these limitations can be overcome through alternative methods of displacement field data analysis. 
Espinosa and coworkers [14] used a standard continuous DIC analysis to analyze relative sliding in nacre 
tablets from atomic force microscopy images. 
The relative longitudinal sliding of adjacent tablets activates a number of toughening mechanisms. The 
following is an example of how the relative sliding between tablets is quantified and plotted. DIC 
processing was performed on 2 ȝm x 2 ȝm (see Figure 4) topographic AFM images captured at each 
loading step. These images were produced from the height signal in 8-bit grayscale bitmaps with native 
512 x 512 pixel resolution. Each image was processed in its entirety by the DIC software Kelkins [24] 
using a classical normalized correlation coefficient and the algorithms described in [19, 20]. 
The orientation of the tablets was identified in the reference image (zero load) to define a local 
coordinate system oriented along the longitudinal and transverse directions as commonly adopted for 
composite materials: the longitudinal (L) direction defined along the length of the tablets (in the direction 
of sliding) and the transverse (T) direction defined across the tablet thickness (Figure 4). The rigid body 
motion was obtained by a global least square criterion on the full field and then transposed to the 
displacement field. The displacement components ux and uy obtained in the coordinate system of the 
image were then projected into uL and uT components. The total Lagrangian displacement fields displayed 
in the figures were summed from the incremental fields. 
Following computation of the displacement fields from DIC for a given load step, bands running along 
the centerline of two rows of adjacent tablets were defined (l(1) and l(2) in Figure 4.c). The position of each 
DIC subset center falling within these bands was then projected onto the interface between the tablets 
(black line in Figure 4c) and the corresponding longitudinal displacement plotted (uL(1) and uL(2) in Figure 
4.d). To determine the relative sliding, the difference between the two was taken and plotted (ǻuL in 
Figure 4d). The data points in sets uL(1), uL(2), and ǻuL were fit using cubic approximation splines (red, 
blue, and black lines in Figure 4d). Due to non-convergence in the DIC analysis at the ends of tablets 
where gaps were opened during sliding, these regions (shown in black in Figure 4c,d) were excluded from 
l(1) and l(2). This convergence problem was the result of:  
• poorly resolved biopolymer interfacial layers (the interfacial layers are a few pixels wide, compared 
to 40 pixel large subsets); 
• localized changes in image color caused by out-of-plane displacement at the ends of tablets (in 
topographic AFM images, color scale is proportional to feature height); 
• inability of the employed DIC algorithms to handle discontinuities. This will be addressed in 
section 2.2.2. 
 
The transverse tablet dilation was computed in a similar manner. The trends in this transverse 
expansion, which acts opposite to the Poisson’s effect, correspond to those of the longitudinal sliding of 
the tablets (i.e., progressively increasing during loading) and results from interfacial hardening between 
tablets. This interfacial hardening generates increasing transverse compressive stresses on the tablets as 
they slide longitudinally. Similar to that of the relative longitudinal sliding ǻuL, a band t(1) in the 
transverse direction was defined (Figure 4e). The position of each subset center falling within this band 
was then projected onto the centerline T of the band, and the transverse displacement plotted (uT in Figure 
4.f) as a function of position along T. As with the longitudinal sliding, cubic approximation splines were 
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fit to the data (lines in Figure 4f). Due to the lack of resolution in the displacement fields at the sliding 
interface where biopolymer is present between two adjacent tablets, these regions were excluded (shown 
in grey in Figure 4e). 
Figure 4. Procedure to quantify relative longitudinal tablet sliding and transverse dilation (reproduced from [14]). (a) Reference 
image at zero load showing definition of coordinate systems. Scale bar is 500 ȝm, height scale is 50 nm. For clarity, the interfaces 
between tablets are outlined in white. The x and y axes are aligned with the image. The longitudinal L and transverse T axes are 
aligned with the tablets, with L running in the direction of sliding and T perpendicular. (b) Image of loaded sample showing opening 
of gaps at tablet ends due to sliding. Arrows indicate direction of sliding. Out-of-plane displacement was also observed at the ends 
of some tablets during sliding, resulting in a change in color (color in topographic AFM images indicates feature height). (c) Bands 
(l(1) and l(2)) used to compute relative tablet sliding shown in (d). (d) Plot of longitudinal displacement profiles highlighting 
discontinuous jumps in relative sliding of adjacent tablets. (e) Band t(1) used to compute transverse tablet dilation shown in (f). (f) 
Plot of transverse displacement profiles showing a general transverse expansion of the sample during longitudinal tablet sliding. (g) 
AFM image (b) overlaid with DIC longitudinal displacement fields uL. Colour scale is displayed both in units of nanometres and 
normalized by average tablet thickness t. 
 
This method, based on standard DIC algorithms, has been applied successfully to characterize tablet 
sliding and tablet dilation on AFM pictures presented in Figure 3. Figure 5 shows the longitudinal and 
transverse tablet displacements at different locations relative to the crack. Close to the crack (point P3, 
Figure 5d–f) the longitudinal sliding and corresponding transverse dilation are more pronounced. In fact, 
the progressive hardening becomes directly evident at point P3. As the load increases from 36 to 45N and 
the crack propagates towards the scanned area (Figure 3a), the relative longitudinal sliding and transverse 
dilation increase as expected (Figure 5e–g). Moreover, the ratio of the longitudinal to transverse 
displacement also increases (Figure 5e–f), which is indicative of increasing transverse compressive 
stresses acting to harden the interface and reduce longitudinal sliding. At point P2, which is further from 
the crack than point P3 (Figure 3a), lesser degrees of tablet sliding are observed (Figure 5a,b,c). The tip of 
the crack passes point P3 as the load increases from 36 to 45 N. Thus, a slight relaxation in longitudinal 
and transverse tablet displacements is observed. Dilation has also been observed at larger scales in tensile 
and shear strain fields obtained by means of optical DIC across areas of 100 s of micrometers. In tension, 
dilation was identified following an initial transverse contraction due to the Poisson effect [2, 17]. The 
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nanoscale investigation, herein, enables identification of this behaviour on a local tablet level, thus 
confirming the occurrence of interfacial hardening induced by relative sliding of wavy interfaces. 
 
Figure 5. Comparing longitudinal and transverse tablet displacements for scanning regions and crack position referenced in Figure 3 
(reproduced from [14]). (a) Reference image captured before loading at point P2. For clarity, tablets are outlined in black. The solid 
white/magenta line highlights the longitudinal interface between two adjacent rows of tables (scale bar, 1 μm). (b) Plot of relative 
longitudinal tablet sliding ¨u L in (a) along the longitudinal interface between adjacent rows of tablets (solid white/magenta line in 
a, see also Figure 4). The two curves correspond to the two different loading states. (c) Plot of transverse displacement profile, uT, at 
the two loading states along a line in the transverse direction across three adjacent tablets (dashed yellow line in a, see also Figure 
4). (d–f) Results from point P3 showing the same analysis as a–c. (g) Table summarizing the applied load, longitudinal sliding and 
transverse displacement across the interfaces taken from (b, c) and (e, f). The transverse displacement was taken as the average jump 
in uT across each interface between tablets (grey bands in c, see Figure 4). 
2.2.2. Identification through subset-based digital image correlation techniques 
 
As explained in the previous section 2.2.1.1, standard digital image correlation formulations are based 
on the use of functional bases containing only continuous terms. In an analogy to the extended finite 
element method (XFEM) based on the partition of unity [25, 26, 27], discontinuous basis functions were 
proposed and applied to evolving discontinuities in dynamic crack localization [15] and direct fracture 
parameter estimation [28, 29, 30, 31]. In these methods, the functional basis of the displacement field 
decomposition is enriched in order to take into account the geometrical discontinuity due to the presence 
of a crack. Here we present the general framework of an subset-based image correlation technique based 
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on the formulation proposed by Grégoire et al. [15, 28], but applied to quantify tablet sliding from AFM 
images acquired following the protocol discussed in the previous section. The bilinear continuous 
decomposition is preserved for smooth subsets (no interface) and when a subset is crossed by an interface 
(discontinuous subset) a discontinuous decomposition is employed, namely,  
 
 
  (1) 
 
 
 
 
In the above equation, (uj; ję [|1,6|]) are unknown displacement vectors, d(x) is given by the 
minimization of standard cross-correlation coefficient, x  and y  are the homogeneous coordinates on a 
subset and L is the subset length. Details can be found in [1]. For simplicity, the displacement field is 
only decomposed as a rigid body motion on a discontinuous subset but the terms corresponding to the 
elongations and the distortions may be enriched as well. Equation (1) is written on each vertex of the 
subset. In case of a smooth subset, there are four unknown vectors and the solution consists of inverting 
an 8 by 8 matrix. In case of a discontinuous subset, there are only two unknown vectors (i.e., four 
unknowns in a 2D space) and the solution consists of inverting an 8 by 4 matrix using its pseudo-inverse. 
Finally, tangential and normal discontinuous jumps in the displacement are obtained at the interfaces. 
Here the tangential component corresponds to the sliding of neighboring tablets relative to each other. 
General tests of validation and performance of the proposed discontinuous decomposition are detailed in 
[15, 28]. In the discussion that follows, we will apply this technique to quantify tablet sliding in natural 
nacre.  
For each tablet interface in Figure 3b, tablet sliding is estimated using the subset-based technique and 
its variation along the tablet interfaces plotted in Figure 6. For each subset cut by an interface, the 
discontinuous decomposition (1) is applied and the tablet sliding, which corresponds to a jump in the 
tangential displacement component, is estimated following: 
 
 
(2) 
 
 
 
where n and t are orthonormal and respectively normal and tangential to the discontinuity interface.  
For clarity, images are rotated 90° counterclockwise in Figure 6 and the interfaces between tablets 
highlighted in red. The overlap region in which relative sliding occurs is marked by a dashed line. The 
tablet sliding is plotted using the same scale at all interfaces. As expected, tablet sliding is always 
dominant in the overlap region, regardless of its magnitude. However, some sliding also appears in the 
core (i.e., out slide the overlap region). The majority of the time, this sliding in the core occurs in a 
direction opposite to that in the overlap region as previously predicted by numerical simulations [2]. 
Estimates of associated normal displacements (i.e., perpendicular to the direction of tablet sliding), as 
predicted by Espinosa and co-workers [2, 10, 17] proved beyond the present resolution of the current 
discontinuous DIC method. 
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Figure 6. Quantification of tablet sliding and its repartition along the tablet interfaces (reproduced from 
[1]). Dotted line indicates the overlap region between neighboring tablets. 
Conclusion 
This paper has shown how nanoscale in situ experiments may lead to a better understanding of the 
fracture and damage mechanisms involved in the failure of materials with hierarchical microstructures. At 
the nanoscale, a combination of well-controlled atomic force microscopy acquisition techniques and new 
algorithms based on digital image correlation provided quantification of tablet sliding and its distribution 
along the tablet interfaces. It was shown that tablet sliding is dominant in the overlap region between 
tablets, regardless of the magnitude of sliding; implying that tablet morphology plays a significant role in 
the fracture and damage mechanisms observed in nacre. The methodology described in this manuscript 
will enable the quantification of deformation mechanisms in biological and artificial materials (e.g., 
nanocomposites) with hierarchical structures through the ability to accommodate discontinuities that are 
present in the interfaces of such materials. 
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